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ing by ElsAbstract Objective: Aimed to evaluate the different anatomical variations of the circle of Willis
(COW) and determined average vessels diameters in general Egyptian population.
Patients and methods: We retrospectively evaluated the 3D-time of ﬂight (TOF) MR angiogram
(MRA) of 250 patients. One hundred and eighty patients out of them had no manifestations of cere-
brovascular diseases included in the study. All of them were examined by 3D TOF MRA. The ana-
tomical variants of the anterior and posterior components of the COW were studied. The complete
COW were assessed and the diameters of all the components were measured. The correlation
between the vessel diameters in relations to age and sex were evaluated.
Results: Complete anterior and complete posterior parts of the COW were seen in 68.3%, and
38.3%, respectively. Entirely complete COW was seen in 46.7%. The prevalence of entirely complete
COW was slightly higher in females and young than males and older subjects. The study illustrated
that there are statistically signiﬁcant differences in some vessel diameters according to sex and age.
Conclusion: The anatomical variants of the COW and the normal reference values for vessels diam-
eter were determined in general Egyptian population based on measurements in 3DTOF MRA.
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All rights reserved.740499; fax: +20 553975400.
com (M.A. Maaly).
of Radiology and Nuclear
tian Society of Radiology and
lsevier
evier B.V.Open access under 
406 M.A. Maaly, A.A. Ismail1. Introduction
The circle of Willis (CW) is located at the base of the brain and
considered as an important potential collateral pathway in
maintaining adequate cerebral blood ﬂow in patients with
internal carotid artery (ICA) obstruction. Its ability to redis-
tribute blood ﬂow depends on its morphology, the presence
and size of the component vessels. The potential of the circle
of Willis to develop collateral ﬂow in the case of impaired
afferent supply has been known since Sir Thomas Willis ﬁrst
described the collateral function of the arterial anastomosis
in 1664 [1]. In the circle of Willis, there is a conﬂuence of ﬂow
from three vessels: both internal carotid arteries and the basilar
artery (BA). Therefore, the hemodynamics in the circle of Wil-
lis is anatomically signiﬁcantly different from the hemodynam-
ics in normal branching situations addressed by the optimality
principle. Accordingly, the normal physiology of ﬂow and the
likely impact of deviation from normality in the circle of Willis
are not fully understood [2]. Variations in the circle of Willis
signiﬁcantly correlate with the relative contributions of the
ﬂow rates of proximal arteries [3]. In patients with obstruction
of the internal carotid arteries (ICAs), adequate cerebral blood
ﬂow is maintained by numerous collateral pathways that redis-
tribute blood to the deprived side. The development of such
pathways depends on the individual morphological and hemo-
dynamic factors. The collateral potential of the CW is believed
to be dependent on the presence and size of its component ves-
sels [4–6]. The anatomical variations of the circle of Willis have
been reported in previous studies [7–10]. Volume ﬂow rates in
the feeding arteries of the brain, such as the internal carotid ar-
tery and the basilar artery, have been used to evaluate blood
ﬂow dynamics in vascular disease [11–14]. For these evalua-
tions, reference data of volume ﬂow rates in normal subjects
are essential and have been reported by several investigators.
The anatomic variations in the circle of Willis presumably af-
fect the volume ﬂow rates in the feeding arteries. Accordingly it
is important to obtain reference data of volume ﬂow rate for
these common variations. Correlation between anatomic vari-
ation in the circle of Willis and volume ﬂow rates in the inter-
nal carotid arteries and the basilar artery has been investigated
[15–17]. Nevertheless, variations in the circle of Willis are com-
mon and ﬁndings from previous studies have demonstrated
that three dimensional time of ﬂight magnetic resonance angi-
ography (3D-TOF MRA) is a sensitive, non-invasive imaging
modality suitable for evaluation of the circle of Willis in
healthy volunteers and patients with carotid artery disease
[8,18,19].Table 1 Distribution of the males and females in the study
population.
Age Male Female Total
40< 38 (63%) 22 (37%) 60 (33%)
P40 70 (58%) 50 (42%) 120 (67%)
Total 108 (60%) 72 (40%) 1802. Patients and methods
At the start of the study, the 3D TOF MR angiogram of circle
of Willis in 250 patients was retrospectively evaluated and 70
patients with manifestations of cerebrovascular disease were
excluded. One hundred and eighty patients without clinical
manifestations of cerebrovascular disease are involved in the
study and considered as healthy subjects with regard to the
anatomy of the circle of Willis. They were aged between 20
and 75 years. Sixty patients were under 40 years, mean age
37 years, 38 males and 22 females. One hundred and twenty
patients, 70 males and 50 females were P 40 years, mean age
51 years. Distribution of males and females in the studypopulation is seen in Table 1. They were examined for follow
up or evaluation of cerebral tumors (n= 61), search for metas-
tasis (n= 49), epilepsy (n= 40) and chronic headache
(n= 30, 10 of them with migraine). Clinical presentations of
the study population showed in Table 2.
All patients were examined with 3D TOFMR angiography.
This study was performed in radiology departments of
Menofyia and Zagazig university hospitals. MR examination
was performed with 1.5 T MR machine. The MR angiography
examination was performed with standard head coil. The MR
angiography protocol consisted of non-contrast 3DTOF
transaxial acquisition which was used for examination of all
patients with the following parameters (Table 3): TR/TE/FA
(30–40/6–10 ms/20–25). Rectangular ﬁeld of view (FOV)
150 · 200 mm, matrix size 192 · 256 with slice thickness of
0.8–1 mm and 96 partitions with the total imaged volume
(effective slab thickness) 72 mm. To obtain the best resolution
in the section selection direction, the smallest possible slice
thickness was used Using matrix size 192 · 256, this resulted
in an anisotropic voxel size of 0.8 · 0.8 mm2 in plane resolu-
tion and 0.8 mm slice thickness. MTC and TONE were applied
in all examinations to increase the contrast between ﬂowing
blood and stationary tissues. The post-processing algorithm,
maximum intensity projection (MIP) was used to produce
angiographic-like images at 15 increments generating
12 MIP projections. In addition the axial MIP of COW was
included.
The normal population was subjected to a classiﬁcation sys-
tem of circle of Willis morphology, based on completeness of
the anterior and posterior circle parts according to the poten-
tial for collateral ﬂow development as indicated schematically
in Figs. 2 and 3. Anterior circle variant types a through (f) are
classiﬁed as complete types, since their morphology enables
collateral ﬂow development through continuity of the anterior
channels. Likewise, posterior circle variant types a through (c)
are classiﬁed as complete types since they posseses the poten-
tial for collateral ﬂow development through the posterior
circle.
The data were evaluated on work station. All MR angio-
grams were evaluated by using native source images and max-
imum intensity projections (MIP) images.
All component vessels of the circle of Willis are assessed by
measuring the diameter on the original slices and not measured
in MIP images to exclude the limitations of MIP.
Vessels that were visualized as continuous segments of at
least 0.8 mm in diameter were considered present; those smal-
ler than 0.8 mm in diameter were considered hypoplastic. The
discrimination between the posterior communicating arteries
from the anterior choroidal arteries was critical and deter-
mined by scrolling through the slices and judging the course
of the arteries in a sequential display and cine loop. The ante-
rior and posterior parts of each circle were assessed separately
Table 2 Clinical presentations of the study population.
Clinical manifestations Number of patients Percentage (%)
Follow up of cerebral tumors 61 33.9
Search for metastasis 49 27.2
Epilepsy 40 22.2
Chronic headache 30 16.7
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Figs. 2 and 3 (this classiﬁcation scheme resembles that of Lip-
pert and Pabst [20]. Fig. 2 demonstrates the variants encoun-
tered in the anterior part of the circle, of which variants (a)–
(f) are examples of complete anterior parts. Fig. 3 demon-
strates the variants of the posterior part of the circle, of which
only variants (a)–(c) are complete. Fetal type posterior cerebral
artery indicates those cases in which the major stem of the
posterior cerebral artery arises from ipsilateral ICA instead
of from the basilar artery. Vessels stems from the ICA that
had diameters larger than the diameter of the ipsilateral pre-
communicating segments of the posterior cerebral arteries
were classiﬁed as fetal type posterior cerebral artery. The ves-
sels stems from ICA that had a diameter equal to or smaller
than the diameter of the precommunicating segment of the
posterior cerebral artery classiﬁed as posterior communicating
arteries. Posterior parts of the circles with unilateral or bilat-
eral fetal type posterior cerebral arteries were eligible for clas-
siﬁcation as complete, provided that all components of the
posterior part of the circle were present; including both the
precommunicating segments (posterior variants b and c). The
circle in its entirety was subsequently classiﬁed as complete,
partially complete, or incomplete conﬁguration. Arterial cir-
cles were classiﬁed as complete provided all component vessel
segments of both anterior and posterior parts of the circle were
visible and continuous and demonstrated diameters of at least
0.8 mm. Arterial circles were classiﬁed as incomplete when
both the anterior and posterior conﬁgurations demonstrated
a deﬁcient vessel segment (a non-continuous, hypoplastic, or
absent segment). The remaining circles, with a complete either
anterior or posterior conﬁguration, were classiﬁed as partially
complete.
Statistical analysis: demographic data are expressed as
means± standard deviations. Mean vessels diameter were
determined. The anatomical variations of anterior and posterior
parts of the circle and of the entire circle ofWillis were evaluated
inmales and females and according to the age group. The differ-
ences in mean vessel diameters were correlated according to age
and sex by co-efﬁcient correlation andFissure exact tests and the
P values were P> 0.05 (not signiﬁcant), P< 0.05 (signiﬁcant),
P< 0.01 (highly signiﬁcant), and P < 0.001 (very highly
signiﬁcant).Table 3 Parameters of 3D TOF MR angiography.
3DTOF
TR 30–40 msc
TE 6–10 msc
FA 20–25
Slice thickness 0.8 mm
Number of partitions 96
Voxel size (mm) 0.8 · 0.8 · 0.8–1.03. Results
MR angiographic examples of the morphological variants are
shown in Fig. 4.
The distribution and prevalence of the anatomical varia-
tions are seen in Tables 4–7. The entirely complete circle was
found in younger more than the older subjects (50% versus
45%) (Table 4) and in females more than the males (52.8%
versus 42.6%) (Table 5).
The anterior part of the circle of Willis (Table 6) was com-
plete in 75% of the younger and 65% in older subjects. The
commonest variations in younger were a & b variants and in
older were a & g variants.
The posterior part of the circle of Willis (Table 7) was Com-
plete in 40% in younger, 37.5% in older. Unilateral fetal type
posterior cerebral artery was found in 37.8% of the cases and
bilateral fetal type posterior cerebral arteries were found in
31.7%.
Sex related differences and their statistical signiﬁcance in
vessel diameters are demonstrated in Table 8. There were sta-
tistically signiﬁcant differences between the mean vessel diam-
eters between males and females in the ICA, BA, A1 and
ACOA. Average diameters of the proximal vessels supplying
the circle of Willis were larger in the older age subjects (cen-
tripetal vessels, the right and left ICA s and basilar artery).
The contrary was true for the distal branches of the circle,Figure 1 Schematic diagram of the vessels that form the circle of
Willis ‘‘textbook’’ type, the precommunicating segment (A1) of
both anterior cerebral arteries (ACA) and anterior communicating
artery (ACo) between them forms the anterior part of the circle.
The precommunicating segments (P1) of both posterior cerebral
arteries (PCA) together with both posterior communicating
arteries (PCo) form the posterior part of the circle. MCA, middle
cerebral artery; ICA, internal cerebral artery; BA, basilar artery.
Figure 2 Schematic diagrams of anatomic variations in the anterior part of the COW. (A) A single anterior communicating artery. The
ICA bifurcates into the precommunicating segment of the anterior cerebral artery and the MCA. (B) Two or more AcomAs. (C) Medial
artery of the corpus callosum arises from the AcomA. (D) Fusion of the ACAs occurs over a short distance. (E) ACA forms a common
trunk and split distally into two postcommunicating segments. (F) MCA originates from the ICA as two separate trunks. (G) Hypoplasia
or absence of an anterior communication. (H) One precommunicating segment of an ACA is hypoplastic or absent, the other
precommunicating segment gives rise to both post-communicating segments of the ACAs. (I) Hypoplasia or absence of an ICA. The
contralateral precommunicating segment of the ACA gives rise to both postcommunicating segments and supplies retrograde ﬂow to the
ipsilateral precommunicating segment, which, in turn, gives rise to the ipsilateral MCA (both ACAs and both MCAs are supplied by a
single ICA). (J) Hypoplasia or absence of an anterior communication. The MCA arises as two separate trunks.
Figure 3 Schematic diagrams of the anatomical variations of the posterior part of the COW. (A) Bilateral PcomAs are present. (B) PCA
originates predominantly from the ICA. This variant is known as a unilateral fetal type posterior cerebral artery; the PcomA on the other
side is patent. (C) Bilateral fetal type posterior cerebral arteries with both precommunicating segments of the PCAs patent. (D) Unilateral
PcomA present. (E) Hypoplasia or absence of both PcomAs and isolation of the anterior and posterior parts of the circle at this level. (F)
Unilateral fetal type posterior cerebral artery and hypoplasia or absence of the precommunicating segment of the posterior cerebral artery.
(G) Unilateral fetal type posterior cerebral artery and hypoplasia or absence of the contralateral PcomA. (H) Unilateral fetal type
posterior cerebral artery and hypoplasia or absence of both precommunicating segments of the posterior cerebral artery and the PcomA.
(I) Bilateral fetal type posterior cerebral arteries with hypoplasia or absence of both precommunicating segments of the PCAs. (J) Bilateral
fetal type posterior cerebral arteries with hypoplasia or absence of the precommunicating segment of either PCA.
408 M.A. Maaly, A.A. Ismailwhich supply the brain (centrifugal vessel). They demonstrate a
tendency to have smaller mean diameters in the older subjects.
These age related differences proved to be statistically signiﬁ-
cant for the ICA, BA, AI, and PCO in this study (Table 9).
4. Discussion
Knowledge of the presence and clinical relevance of normal
variants such as fenestrations, duplications, and persistent fetal
arteries plays a crucial role in the diagnosis and management
of acute stroke and subarachnoid hemorrhage and may aid
in surgical planning. However, the signiﬁcance of normalvariants diverges widely. A clinically important association
has been observed between fenestration and intracranial aneu-
rysm formation [21]. In patients with signiﬁcant ﬂow reduction
in either an internal carotid artery or the basilar artery, collat-
eral arteries can maintain cerebral perfusion in the territory of
the affected vessel. Primary collaterals, such as a patent ante-
rior or posterior communicating artery, respond quickly with
a higher ﬂow or a reversal of ﬂow direction. The conﬁguration
of the circle of Willis as primary collaterals at the base of the
brain can easily be detected with MR angiography. [22,23].
There are different studies published about the prevalence
of the different types of anatomical variations of the circle of
Figure 4 (A) AXIAL MIP MRA of COW: complete anterior circle (2d), incomplete posterior circle (3e) absent both PCOA. (B) AXIAL
MIP MRA of COW: complete anterior circle (variant 2a), incomplete posterior circle (3d); absent RT PCOA. (C) AXIAL MIP TOF
MRA of COW: complete anterior circle (2e), incomplete posterior circle (3i), bilateral fetal type PCA with absent precommunicating
segments of both PCA. (D) AXIAL MIP TOF MRA of COW: complete anterior circle (2a), complete posterior circle (3c), (E) AXIAL
MIP TOF MRA of COW: complete anterior circle (2 h), incomplete posterior circle (3e), bilateral fetal type PCA with absent
precommunicating segments of both PCA. (F) Axial MIP MR angiogram: anterior variant 2a, complete anterior circle, posterior variant
3b, unilateral fetal type PCA (long arrow) (G) AXIALMIP TOFMRA of COW: complete anterior circle (2 h), incomplete posterior circle
(3e), with absent both PCOA. (H) AXIAL MIP TOF MRA of COW: complete anterior circle (2a), incomplete posterior circle (3d), (I)
AXIAL MIP MRA of COW: incomplete anterior circle (2 h), incomplete posterior circle (3e), absent both PCOA, (J) AXIAL MIP TOF
MRA of COW: complete anterior circle (2 h), incomplete posterior circle (3b).
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studies based on imaging by MR angiography, some of the re-
sults of these studies compared to the results of our study are
seen in Table 10.
From these studies, it is demonstrated that the prevalence
of entire complete circle of Willis was seen in 21–42%, another
study [19] shows complete circle of Willis in 36%. These great
variations in the results are related to several factors. First, the
selected study populations differ (studies performed in normal
brain versus those performed in patients with neurovascular
disease). Second the methods and techniques used such asanatomic dissection at autopsy versus conventional catheter
angiography, versus phase contrast or TOF MR angiography.
Third, the variations in the age and sex distributions in the
study populations.
The mean age in our study was 51 years. In the study by
Hartkamp and Grond [19], the mean age of the control group
was 70.7. In the recent study [26] the percentages of entirely
complete circle of Willis were seen in 45% while in our study
was detected in 46.7%.
The anterior circle conﬁgurations were complete in 68.3%
of cases in this study. The other studies are in agreement with
Table 4 Prevalence of entirely complete COW, partially complete and incomplete conﬁguration of the entire circle of Willis according
to age.
Group Entirely complete conﬁguration (%) Partially complete conﬁguration (%) Incomplete conﬁguration (%)
Age < 40y (n= 60) 50 37 13
AgeP 40y (n= 120) 45 37.5 17.5
Total (180) 46.7 37.2 16.1
Table 5 Prevalence of entirely complete COW, partially complete and incomplete conﬁguration of the entire circle of Willis according
to sex.
Group Entirely complete conﬁguration (%) Partially complete conﬁguration (%) Incomplete conﬁguration (%)
Male (n= 108) 42.6 41.7 15.7
Female (n= 72) 52.8 30.5 16.7
Total (180) 46.7 37.2 16.1
Table 6 Prevalence of variants of the anterior part of the circle of Willis.
Group Prevalence of variants Complete anterior conﬁguration
A B C D E F G H I J
<40 years (n= 60) 45 15 0 5 5 5 10 10 0 5 75%
P40 years (n= 120) 40 10 0.8 5 4.2 5 20 10 0 5 65%
Table 7 Prevalence of variants of the posterior part of the circle of Willis.
Group Prevalence of variants Complete posterior conﬁguration
A B C D E F G H I J
<40 years (n= 60) 25 10 5 10 5 5 5 20 10 5 40%
P40 years (n= 120) 17.5 9.2 10.8 15 3.3 4.2 5 18.3 11.7 5 37.5%
Table 8 Mean vessels diameters with regard to sex and statistical signiﬁcance.
vessel Mean diameter in males Mean diameter in females Correlation (r) P-value
ICA 3.72 ± 0.20 3.71 ± 0.22 0.7845 <0.001
BA 3.06 ± 0.16 2.98 ± 0.14 0.8228 <0.001
A1 1.99 ± 0.22 1.92 ± 0.22 0.5819 <0.05
ACO 1.18 ± 0.07 1.12 ± 0.07 0.4199 <0.05
P1 1.89 ± 0.07 1.79 ± 0.09 0.0879 >0.05
PCO 1.17 ± 0.07 1.23 ± 0.09 0.1846 >0.05
N.B: P> 0.05 (not signiﬁcant), P< 0.05 (signiﬁcant), P< 0.01 (highly signiﬁcant), P< 0.001 (very highly signiﬁcant), ICA: internal carotid
artery, BA: basilar artery, A1: precommunicating segment of anterior cerebral artery, ACOA: anterior communicating artery, P1: precom-
municating segment of posterior cerebral artery, PCOA: posterior communicating artery.
Table 9 Mean diameter of the vessels with regard to age.
Vessel <40 years P40 years F-test P-value
ICA 3.51 ± 0.16 3.86 ± 0.09 0.00039 <0.001
BA 2.91 ± 0.14 3.09 ± 0.12 0.31405 <0.05
A1 2.15 ± 0.20 1.81 ± 0.09 0.00000 <0.001
ACO 1.18 ± 0.07 1.14 ± 0.07 0.62812 >0.05
P1 1.88 ± 0.09 1.82 ± 0.09 0.79012 >0.05
PCO 1.25 ± 0.09 1.16 ± 0.07 0.05952 <0.01
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Table 10 Some of the results of these studies compared to the results of our study.
Study Method
examination
Entirely complete
conﬁguration (%)
Complete anterior
circle (%)
Complete posterior
circle (%)
Alpers et al. [24] Anatomic
dissection
NA NA 52
Krabbe-Hartkamp
et al. [8]
3DTOF MRA 42 74 52
Ross et al. [25] 3DPC MRA NA NA 48
Chen et al. [18] 3DTOF MRA 21 78 25
This study 3DTOF 46.7 68.3 38.3
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anterior circle of Willis was higher in younger than older cases.
This was seen in other studies [8,18].
The complete posterior circle conﬁgurations demonstrated
in 38.3 of the study population and the results reported by
other studies showed 25–52% of the cases [8,26].
In our study, complete posterior circle of Willis was higher
in younger than older cases. These results were seen in other
studies [8,18].
The prevalence of the complete circle in our study was high-
er in females (52.8) than males (42.6) and in younger (50%)
than older subjects (45%). These results cope with the results
of published studies by Hafez et al, (26), Chen et al. [18],
and Hartkamp et al. [8].
All of these studies used 3D TOF MR angiography in
examination of the circle of Willis. Although 3D TOF MR
angiography has been known to have a high sensitivity and
speciﬁcity for depicting the anatomy of the circle of Willis, it
has some limitations in displaying small collateral channels be-
cause of the turbulent ﬂow, saturation effect of slow ﬂow or
long in-plane ﬂow, or slower velocity of blood adjacent to
the wall due to laminar ﬂow [28]. The sensitivity of 3D TOF
MRA in detection of small communicating vessels improves
when ﬂow through these channels increases, since an increase
in ﬂow velocity improves signal intensity. Non-visualization
of vessels on a TOFMRA can be due to very slow or negligible
ﬂow within a patent vessel or due to the true absence of the
vessel. The lower limit of normal vessel diameters is arbitrary
and affects the number of vessel segments classiﬁed as hypo-
plastic, which also affects the prevalence of circles, deﬁned as
complete. The mean diameter of centripetal vessels is larger
than the centrifugal vessels in old individuals, while those of
centrifugal tend to be smaller [8,29].
Vessel diameters of the circle of Willis were measured in ori-
ginal slices and MIP images and vessels measuring 0.8 mm
diameter were considered present, those smaller than 0.8 mm
were considered hypoplastic. The mean vessel diameters mea-
sured in our study compared well with other studies [6,8,18,26].
The ﬁndings in our study indicated that mean vessel diam-
eters are different according to age and sex. The diameters of
the centripetal vessels are larger than the centrifugal vessels
in old individuals and tend to be statistically signiﬁcant, while
those of centrifugal tend to be smaller. This might be explained
by the compensatory enlargement of the centripetal vessels in
elderly persons due to reduced cardiac output, decreased elas-
ticity or atherosclerosis of which its prevalence increased by
age [8,27]. In our study there was general trend of increased
vessel diameters in males than females except the PCO artery
which was slightly larger in females than males. Some of thesedifferences were statistically signiﬁcant. These results were
conﬁrmed in another study by Hartkamp et al. [8]. In the study
by El Barhoun et al. [31] the basilar artery diameter showed
signiﬁcant association with age. Previous reports are about in-
creased risks of watershed infraction in patients with hypoplas-
tic or absent PCO [6] and about incomplete posterior circle of
Willis as a risk factor in patients with migraine [30]. However,
our evaluation for the patient with migraine in our study
shows no statistically signiﬁcant difference (P> 0.05) between
the prevalence of incomplete posterior circle of Willis in pa-
tients with migraine (50%) and the other population subjects
(62%). This was conﬁrmed in the study by Schoonman et al.
[32].
5. Conclusion
The variations in the circle ofWillis are common with sex or age
related signiﬁcant prevalence. Some of these variations may be
associatedwith certain risks like aneurismal development or wa-
tershed infractions. They are signiﬁcantly correlated with the
relative contributions of the ﬂow rates of proximal arteries
and should therefore be taken into consideration when inter-
preting results of ﬂow rate measurements. Some of the vessel
diameters show statistically signiﬁcant differences according
to age and sex. Further research work should be performed on
larger number of population to create an Egyptian database
for the circle of Willis diameters in MR angiography.
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